Abstract A longstanding question for scientists has been whether or not any observable trends or shifts in global lightning activity have occurred since the Industrial Revolution. This study utilized over 8,000 certified ground-based stations over a 43-year period, as well as 16 years of Tropical Rainfall Measuring Mission (TRMM) Lightning Imaging Sensor (LIS) data, to provide a better understanding of the processes behind these trends. Ground station results show that many global regions have observed significant increases or decreases in thunder day occurrence. The Amazon, Maritime Continent, India, Congo, Central America, and Argentina display increases in annual thunder days since the 1970s, whereas China, Australia, and the Sahel among others observe decreases in the number of thunder days. The corresponding change in lightning flash density from the TRMM-LIS, as well as the number of thunderstorm features and lightning flashes per thunderstorm feature, is compared to the thunder day trends during the TRMM lifespan. Results show a positive correlation between the changes of thunder day occurrence and flash density over most regions of the TRMM domain, including the Maritime Continent, China, South Africa, and Argentina. However, there are several regions with disagreements between the flash density and thunder day trends, such as India and Western Africa. The disagreements are related to the changes in the number of flashes per thunderstorm, which suggest other reasons to interpret the long term trends in thunder day occurrence over various regions. Understanding these regional trends in lightning activity is important in understanding the changes of precipitation systems under a varying climate.
Introduction
For decades, a longstanding question for scientists has been if any observable trends or shifts in global lightning activity have occurred since the Industrial Revolution and beyond (Changnon, 1985) . It has been hypothesized that for every increase in air temperature of 1°C, global lightning activity would increase by approximately 5-%6% (Price & Rind, 1994) or 11% (Williams, 2012) , which indicates that the warming of the planet should lead to an increase in global lightning.
A team of scientists has recently been established to make lightning data available for use in understanding the changing climate (Aich et al., 2018) . The lightning variable has been shown to have a close relationship with thunderstorm activity, as well as precipitation patterns (Price, 2013; Williams, 2005) . Recently, the electrical properties of clouds and precipitation systems have become increasingly useful for understanding the changes and shifts in global climate and have been added to the Global Climate Observing System's list of essential climate variables. The major shortcoming of the use of past lightning activity to monitor climate is the relatively short time span of measurement, as well as limited global observations. For these reasons, lightning proxy data sources, such as the thunder day variable, have been identified as an important data set for examining the changing climate, due to its relative long-term record, as well as near-global land coverage (Aich et al., 2018) . One goal of this study is to better understand what the thunder day variable represents in the context of number of thunderstorms and flash density and to possibly use this information to quantify the trends in lightning around the globe.
According to the historical works by Brooks (1925) , as well as the World Meteorological Organization, a thunder day is defined as a local calendar day on which thunder is heard (World Meteorological Organization, 1953) . A thunder day is recorded as such regardless of the actual number of thunderstorms occurring on that day. When a storm begins before midnight and ends after midnight, two thunderstorm days are recorded (World Meteorological Organization, 1953) . This is possible during long-lived nocturnal mesoscale convective systems (MCS), which can span across midnight, into a second day. Various localized studies have been conducted on the frequency of thunder days, and other severe weather phenomena, using ground station data on the annual and seasonal time scales. These regional studies have revealed that the tendency of thunder days in the past century has been highly variable and regionally specific. In Asia, Lin-Lin et al. (2010) and Zhang et al. (2017) presented that the occurrence of weather events such as thunderstorms and hail have been decreasing in China in the past 50 years. Zhang et al. (2017) showed that based on over 500 ground stations covering China, there has been a decrease in thunder and hail days by approximately 50% since 1960. This decrease in thunder day incidence was linked to the simultaneous downturn in intensity of the Asian Summer Monsoon and has been accompanied by the presence of smaller hail size, which also indicates weakening convection in the region . Kitagawa (1989) exhibited that over the past 100 years, the frequency of winter thunder days has increased along the coastal ground stations of Japan. During the same period of time, the inland plains ground stations showed a decrease in thunder day frequency during the summer. In Southern Asia, the Island of Sri Lanka has shown a predominantly increasing long-term trend in thunder days annually (Sonnadara, 2016) . This study, which made use of nine ground-based stations across the country during the years of 1961-2010, showed that five stations had a significant increase in annual thunder days, while four showed no significant trends. This rules out the presence of a large-scale thunder day trend across Sri Lanka but could emphasize the importance of smaller-scale topography and monsoonal direction.
In Europe, Enno et al. (2014) showed a significant decrease in thunder day occurrence of approximately 24% in the Baltic Region, including the countries of Estonia, Latvia, and Lithuania, at 40 stations between the years of 1950 and 2004. The study linked the decrease in annual thunder days to an increasing number of northerly circulation type weather events, which are thought to have decreased the likelihood of severe weather in the region. Another study conducted in Northern Eurasia concluded that days observing convective precipitation have increased in all seasons during the time period of 1966-2000 (Ye et al., 2017) . The study showed that the increasing trends were highly correlated with surface warming and moistening that might have contributed to an increase in Convective Available Potential Energy and a subsequent decrease in stability in the region. Another study in Finland exhibits the ability to compare the annual number of thunder days, to the cloud-to-ground lightning flash density (Tuomi & Mäkelä, 2008) . The estimated flash density using lightning flash counters exhibits a very similar interannual variability to that of annual thunder days, indicating the possibility of using the number of thunder days as a proxy for flash density in some regions.
In the Americas, Pinto et al. (2013) revealed an increasing trend in annual thunder days in Southeast Brazil. Since the nineteenth century, the cities of Compinas and Sao Paulo have demonstrated significant increases in number of annual thunder days (68% and 40% increases, respectively). This increase was linked to the industrialization and growing urbanization in these cities in the twentiethh century (Pinto et al., 2013) . Changnon and Changnon (2001) reported on the 100-year trends in lightning activity in the United States. Their results showed that the region is highly variable in annual thunder day occurrence from 86 stations, with 31 stations showing no trend, 26 showing decreasing trends, and 31 stations observing increasing trends. However, it is still not clear how to interpret these thunder day changes in the perspective of the variation of thunderstorm and lightning activity. This study did not emphasize the occurrence of the "Big Hiatus" during 1940 Hiatus" during -1975 , in which the trend in global temperatures flattened out substantially, with the associated thunder day trends decreasing in occurrence. This time period could influence the trend analysis and partially explain the lack of substantial trends in the United States during this study.
Results from these regional ground station studies of long-term thunder day trends show that unique regional mechanisms can influence the trends in localized thunder day frequency. Each individual region has its specific convectively active time period, which contributes to the global summation of lightning activity. Understanding how these time periods are changing globally can allow us to study the changes in global lightning at different time scales. Long-term global shifts in thunderstorm activity could subsequently shift the diurnal and seasonal distribution of global lightning. It is important to monitor these shifts in thunder days and flash density at the global scale, in order to observe the impacts on Earth's electrical processes (Williams, 2009) . These processes such as the global electric circuit of the atmosphere are driven by electrified cloud parameters at the diurnal and seasonal timescales (Adlerman & Williams, 1996; Blakeslee et al., 2014; Lavigne et al., 2017; Liu et al., 2010; Williams, 1994; Williams & Heckman, 1993) . Changnon (1985) attempted to observe global shifts in thunder day frequencies using 227 ground-based stations. This study builds upon the regional and global works that have been conducted in the past and gives a more comprehensive look at the changes observed in global lightning, which could possibly help to understand the global variability of the Earth's electrical systems in the past and into the future. One important global study was conducted utilizing lightning flash counters to approximate the lightning flash rate across a significant portion of the globe (Mackerras et al., 1998) . The study shows how total lightning flash density varies across different latitudes, seasonally and diurnally, and serves as an important baseline for the global lightning flash density climatology prior to satellite technology.
The Tropical Rainfall Measuring Mission-Lightning Imaging Sensor (TRMM-LIS) has been used in the past in numerous studies to help understand the spatial and temporal distribution of lightning and thunderstorms (Albrecht et al., 2016; Cecil et al., 2005; Christian et al., 1999; Liu et al., 2012; Toracinta et al., 2002; Zipser et al., 2006) . Studies such as these have been very successful at determining the most convectively active regions of the world and with the most lightning activity. The TRMM-LIS has also been used to show the diurnal variability of lightning (Cecil et al., 2005) . This study showed that over most land regions, the peak in diurnal activity occurred in the late afternoon (approximately 1600 local time), whereas over the ocean, a much smaller diurnal amplitude was observed, with the peak in the early morning (approximately 0300 local time; Williams et al., 2000) . The TRMM-LIS has also been used to monitor the regional effects of El Niño-Southern Oscillation (ENSO) on lightning activity (Chronis et al., 2008; Hamid et al., 2001; Sátori et al., 2009; Williams, 2012; Yoshida et al., 2007) . These findings show that natural climate variability can be observed by the TRMM satellite.
This study compares ground-based station thunder day data, to the flash density and population of thunderstorm records from the TRMM satellite. The comparison of the global trends observed in the thunder day occurrence, to the trends observed in lightning flash density (flashes/km 2 × year), and population of thunderstorms gives us a more complete understanding of the trends and tendencies in global lightning activity.
It also provides an opportunity to observe the capabilities of the TRMM-LIS in observing regional trends in lightning activity compared to ground-based station observations.
Although the 16-year time series (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) is not long enough to establish robust climatological trends, it is still worthwhile to investigate whether the trends in thunder day occurrence and trends in TRMM-LIS flash density are consistent during the 16-year period. The motivation of this study is to answer the following questions:
1. Are any regional trends observed in the long-term thunder day occurrence from the ground stations? 2. What are the long-term annual and seasonal trends in thunder day occurrence in some of the most convectively active regions of the globe? 3. Is there any agreement in the ground station thunder day occurrence trends and the lightning flash density observed by the TRMM satellite during the TRMM timespan of 1998-2013? 4. Is there any way that we can explain the similarities and differences in these trend values over different regions by examining the properties of thunderstorms?
To answer these questions, this study builds upon past regional thunder day studies, with a more robust quantity of global stations, as well as the use of the 16-year TRMM-LIS observations. Section 2 introduces the data sets and methodology that were used. Section 3.1 looks into the long-term annual trends in thunder days observed by the ground stations, followed by section 3.2, which looks at the thunder day trends seasonally. Section 3.3 examines the spatial correlation of the ground station thunder days and the satellite flash density as well as population of thunderstorms, while section 3.4 compares and contrasts the trends observed by the three variables. Section 4 discusses the results, and section 5 summarizes the important findings.
Data and Methodology

Global Surface Summary of the Day
The Global Surface Summary of the Day (GSOD) is a data set of over 9,000 ground-based meteorological stations located worldwide (https://data.nodc.noaa.gov/). This data set is organized and quality controlled by the National Oceanic and Atmospheric Administration (NOAA). The daily ground station data includes meteorological measures such as mean temperature, minimum temperature, maximum temperature, dew point, station pressure, wind speed, visibility, and precipitation amount. The data set also has occurrence flags for each day indicating the binary occurrence of fog, rain, snow/sleet, hail, thunder, and tornadoes. For the purpose of this study, only the binary occurrence of thunder days is used. The term thunder day refers to the ground station hearing at least one auditory thunder clap in the observed day. This is a binary variable, with either a presence or no presence of thunder detected for each day. Fleagle (1949) concluded that the range of auditory thunder could rarely be heard beyond 24 km, while Brooks (1925) stated the range to be only 10-12 miles (approximately 16-19 km) under favorable conditions. Some factors that can influence the distance thunder can travel are thought to be temperature, density, eddies, gradients, humidity, topographical relief, and soil and vegetation type (Brooks, 1925; Changnon, 2001) . No information is available for the time of detection, or the total number of thunder claps that were heard in each given day. According to NOAA, the station data collected after 1973 is much more reliable. For this study, only data occurring in 1975 and onward are used to ensure that only the most robust station data are incorporated for analysis. The raw data underwent rigorous automated quality assurance by NOAA, to interpret as much of the synoptic data as possible and to eliminate errors found in the raw data. Then, these data were quality controlled further in the creation of the summary of the day (https://www1.ncdc.noaa.gov/pub/data/gsod/readme. txt). A very small percentage of error may remain in the processed GSOD data set. After data processing, a total of 8,396 global stations are used for the analysis. It is known that certain influences such as altered localized noise, slight movement of stations, and urban influences impact the quality of detection of audible thunder (Changnon, 2001; Fleagle, 1949) . These factors become less noticeable with the use of many stations. Studies in the past have discussed the influence of population density on the trends in severe weather such as tornados (Anderson et al., 2007; Brooks et al., 2003; Grazulis & Abbey, 1983; Schaefer & Galway, 1982) . These studies concluded that human errors are the primary cause of spatial and temporal variability of tornado reports. While population density trends could possibly have a minimal influence on the auditory observations of thunder, only stations that were operational in 1975 and onward were used in the analysis, so there are no artificial trends in the number of stations present in each region. Tornado reports incorporate civilian accounts of tornado occurrence, which can strongly be biased by the increasing population around the world. However, thunder days are only reported by meteorological stations, which did not change in number throughout the four decades of analysis.
It is also important to note that the ground stations located in the country of China stopped recording the presence of thunder days after 2013. All thunder day calculations conducted in the region end in 2013 instead of 2017. In recent years, there have been transitions from human-observing weather stations to unmanned automatic weather stations, where thunder days are no longer reported. This transition is not unique to China and has been a cost-saving measure for an increasing number of regions of the world. A steep increase in the complexity and scope of automated weather sensors has been established in the last several decades (Merenti-Valimaki et al., 2001) . This is noteworthy for thunder day observations, for which human observers are essential.
To ensure further that no artificial trends are observed in the data set, the occurrence of thunder days (%) is calculated for each station. Not every station observed the same number of days each year due to missing data, leap years, etc. To account for these discrepancies, the percent occurrence (%) is incorporated by using the summation of thunder days, divided by the summation of the total sampled days multiplied by 100 for each desired station or region in a particular year. The total sampled days were taken to be the total number of days for which any meteorological data were recorded for each station. The trends of the regional occurrence are then compared for the 43-year time period. Nine regions are selected for further thunder day occurrence analysis. These regions have been identified in previous literature as being convectively and electrically active regions of the world (Albrecht et al., 2016; Liu & Zipser, 2015; Zipser et al., 2006) . The regions selected for thunder day analysis were SCUS, the Amazon, Argentina (Argen), Sahel, Congo, Maritime Continent, India/Himalayas (India/Hima), and Australia (Aust; black boxes in Figure 2 ). These nine regions are selected due to all showing some organized activity of thunder day trends, as well as being convectively active regions. The United States is selected due to the robust past literature on the electrical nature of the region. The regions are averaged over a relatively large area; therefore, the annual average number of thunder days reflects the nature of the larger region as a whole, instead of the smaller-scale areas that can produce a very large occurrence of annual thunder days. The selection of larger regions can reduce the number of expected annual thunder days in some regions such as India or Australia.
Tropical Rainfall Measuring Mission Precipitation Features
This study uses 16 years of data from the Tropical Rainfall Measuring Mission (TRMM) satellite (1998-2013.) This satellite measures precipitation using a passive TRMM Microwave Imager, and the Ku-band precipitation radar (PR) in the latitude interval of approximately 36°N-36°S. For this study, precipitation features (PFs) have been grouped together using the observations from the PR instrument. A PF is defined as contiguous raining pixels of greater than 75 km 2 observed by the TRMM PR that are grouped together to create a raining feature (Adhikari et al., 2018; Liu & Liu, 2016; Seto et al., 2013) . The threshold of 75 km 2 was chosen because the contribution of total rainfall by PFs less than 75 km 2 , based on the TRMM 2A25 algorithm, is less than 5% (Liu et al., 2010) . Furthermore, the contribution to rainfall from PFs with an area of less than 75 km 2 and an echo top of greater than 4.5 km is less than 0.6%. Therefore, for ease of data processing, only larger PFs are included for the analysis.
For each PF observed during the 16-year period, the TRMM-LIS lightning flash count information is included with the feature. The TRMM-LIS is an optical lightning detection instrument mounted on the TRMM satellite (Christian et al., 1999) . The satellite orbits at an altitude of approximately 360 km above the Earth's surface and 403 km after the orbit boost in August 2001. The field of view of the LIS is approximately 668 km at nadir, with a 4.3-km spatial resolution (Albrecht et al., 2011) . After the boost of the satellite in August of 2001, the average view time of each pixel at nadir was approximately 92 s (Albrecht et al., 2011) . Based on the flash locations, regional lightning flash density (flashes/km 2 /year) can be calculated. First, we calculate the summation of lightning flashes observed in the TRMM PF data set during the 16-year period in each gridded 5°× 5°box. Second, the summation of lightning flashes is divided by the area of the total sampled pixels in each 5°× 5°box, giving a value of flashes/km 2 . Third, the flashes per square kilometers are then divided by the average view time in seconds by the satellite of each 5°× 5°box, giving a flashes/ km 2 /s. Then we get the final flash density, with units of flashes/km 2 /year (Cecil et al., 2014) , by multiplying by the number of seconds in a year. The number of lightning precipitation features (LPFs) was also calculated by determining the number of PFs with at least one flash of lightning in each 5°× 5°box. It is important to note that the TRMM pixel size and view time changed before and after the orbital boost. This was accounted for by calculating the area of each PF using the corresponding pixel size at the time of sampling, as well as the corresponding view time of each PF. Because the TRMM satellite is not in a Sun-synchronous orbit, it provides lightning flash observations in full diurnal cycle and also suffers from diurnal sampling biases. Negri et al. (2002) discussed the TRMM sample biases in the diurnal variation of precipitation and suggested that 3 years of data were needed to fully resolve the diurnal cycle of precipitation in a 12°grid. Though here we do not focus on the diurnal variation of lightning, the annual flash density on a 5°× 5°grid could suffer from a slight diurnal sampling biases. The Geostationary Lightning Mapper (GLM) on board the Geostationary Operational Environmental Satellite-R-East does not suffer this diurnal sampling bias (Rudlosky et al., 2019) . This satellite, alongside other geostationary satellite missions in the future, will be valuable resources for monitoring lightning activity in real time with a more precise diurnal variability.
Correlation Between the Ground Stations and the TRMM Lightning Parameters
To determine the significance of the correlation between the calculated variables (thunder days, flash density, and LPFs), a standard correlation coefficient (r value) was calculated for each 5°× 5°box. This value is always between −1 and 1, with positive values indicating positive linear correlations and negative values indicating negative or opposite correlation of the trends. The r values were calculated by creating a scatter of corresponding 16-yearly averaged thunder day occurrences, flash density, and number of LPFs in each box for the overlapping years. The r value was then calculated for the correlation of the scatter between the 16 points of each variable.
Results
Long-Term Interannual Variability of Global Thunder Day Occurrence
Utilizing 8,396 global ground-based meteorological stations, a global trend map of thunder day occurrence was created. The thunder day occurrence represents the percentage of total sampled days from each station that noted auditory thunder at least once in the monitored day. Figure 1a shows the 43-year (1975-2017) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) , and the last 20-year data collection period (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) . Twenty-year total occurrences were selected in order to make a more robust analysis, removing some of the interannual noise, such as uneven sampling or abnormal lightning activity. Figure 1b shows the difference for each ground station subtracting the final 20-year period from the first 20-year period, with warm colors indicating increasing thunder day occurrence and cool colors indicating decreasing thunder day occurrence. Clear regional trends can be observed throughout the globe, with regions such as China, India, Australia, the Amazon, and Western Europe showing clear thunder day tendencies during the study period.
China, which has a relatively robust ground station coverage (>500 stations), shows a decreasing trend in thunder day occurrence. This is consistent with the previous literature on trends in thunderstorms and hail in the region . The most intense decrease in thunder day activity (5%-10%) can be seen in the southern portion of the country. The analysis reveals that the central portion of the region also observes significant decreases, and less of a trend is seen toward the northern and northeast regions of the country. Moving farther north into Russia, slight increasing trends in thunder day incidence is observed at a majority of the stations (<5%).
The sparse station coverage in the Amazon region displays the most intense and significant (10%-15%) increasing trend in thunder day occurrence in the world. A large increase in thunder days from the first 20-year period to the second is observed in the majority of the stations between 0°and −30°latitude. The northern extremity of South America displays mixed trends, with no clear predominate shift in thunder day activity. The southern extremity of South America also shows systematic trends.
The United States, majority of Europe, and Africa display no clear consensus of trends on a station-by-station scale. In order to better understand the regional changes in thunder day occurrence, nine intense convective regions of the globe are selected. Figure 2 shows the nine selected regions, with each star representing a ground-based station within the region. The annual regional occurrence is calculated by taking the summation of all the thunder days heard inside each regional box and dividing by the total number of sampled days inside the regional box in each year and is summarized in Table 1 . This value allows for a more robust analysis of the large-scale regional trends and removes the possible influences from regions with sparse station coverage. Table 1 summarizes the average number of thunder days observed in each convective region annually as well as seasonally. A summary of the rate of annual and seasonal thunder day trends in each region during the sampled period is also shown in Table 1 . Figure 3 displays the yearly averaged trends in thunder day occurrence for each of the nine selected regions. During the 43-year period, six of the nine convectively intense regions display significant increasing trends in thunder day occurrence. As previously shown in Figure 1b , the Amazon region shows the largest increase, increasing from a 5% occurrence in the 1970s to 20% thunder day occurrence in the 2010s. This is an increase of approximately 13.3 thunder days per decade and is consistent with a previous study of Southeast Brazil, showing statistically significant increases in annual thunder days in this fast-developing and changing region of the world (Pinto et al., 2013) . Also in South America, Argentina shows significant increases in thunder days (2.6 thunder days/decade). The region exhibits an increase from approximately an 8% occurrence in 1975 to 1975-1994 and 1998-2017 . Data are excluded after 2013 in China due to the lack of thunder day records. Thunder day occurrence is calculated using the summation of all the thunder days divided by the summation of all the total observation days in each region and presented as percentage. The Congo region, one of the most intense convective regions of the world, exhibits an average of 123 thunder days per year in the large-scale region (Table 1 ). The central portion of the Congo region has very few stations available for analysis, and is underrepresented. However, the western portion of the Central Africa has a sufficient number of stations to build significant trends in the region. Figure 3a shows overall Note. DJF = December-February; MAM = March-May; JJA = June-August; SON = September-November; SCUS = South Central United States. 
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Journal of Geophysical Research: Atmospheres increasing trends in the Congo region from approximately a 28% occurrence in the 1970s, to a 35% occurrence in the last several years, equating to an increase of 6.9 thunder days/decade. Smaller-scale processes appear to be influencing the thunder day trends in the continent of Africa as evidenced by Figure 3d , which demonstrates that the Sahel region exhibits opposite trends in thunder day activity in comparison to the Congo. Decreases in this region are observed from an approximate 24% occurrence to 17%, indicating a possible weakening in convective precipitation occurrence in the region with a decrease of 5.4 thunder days per decade.
Central America, the India/Himalayan, and the Maritime Continent regions all also exhibit significant increases in thunder day occurrence. Central America (Figure 3f ) displays an increase in occurrence of approximately 11% to 15% over the course of the four decades, equating to an increase of 4.7 thunder days/decade. Figure 3c shows that the India/Himalayan region increases from 5% to 8%, and Figure 3i (Maritime Continent) shows the least intensification, shifting from 17% to 18%, equivalent to increases of 3 thunder days per decade.
Australia (Figure 3g ) exhibits a decreasing trend in thunder days during the study period. The figure shows a shift from approximately a 4% to a 2% occurrence (−1.3 thunder day per decade) in the region. Figure 3e displays that the SCUS observes no clear trends (p value of 0.29) in thunder day activity, with the average occurrence in the region remaining at approximately 17%. All eight of the other convective regions show p values to be much less than 0.01, indicating a statistically significant change in thunder day frequency in the regions, although some of the trends are relatively weak such as Australia.
In order to understand some of the physical processes that possibly contribute to the trends exhibited in thunder days and flash density, a comparison is made with the results from the past literature on regional long-term thunder day trends. This comparison allows the results from Figures 1 and 3 to be supported or refuted.
In China, it is well documented that thunder day and thunderstorm activity has been decreasing since the 1950s , which is corroborated with the results shown here. It has been shown that the reduction of thunder day events is strongly correlated with the weakening of the East Asian summer monsoon, which is the primary source of moisture and dynamic forcing conducive for warm season weather over China . A weak correlation was also found between the cloud-to-ground flash density and number of lightning days in Guang-Dong Province, China (Chen et al., 2004) . This weak correlation provides some evidence that the variation of cloud-to-cloud flashes may be more dominant in the relationship between flash density and thunder days in the region.
In the United States, Figures 3e and 5f show no significant changes in thunder day activity in the southcentral portion of the country annually or seasonally. This region was analyzed by Changnon (1985) , stating that the variability of thunder days was correlated to cyclone frequency. A study conducted in the northern latitude of the country in Fairbanks, Alaska, revealed a 2°C increase in summertime surface temperature from 1950 to 2005, accompanied by a simultaneous upward trend in number of annual thunder days (Williams, 1999) . This indicates that thunderstorm activity in northern latitudes of the United States could be significantly influenced by the rise in global temperatures in the past 100 years. No significant large-scale trends are exhibited in Alaska as a whole in Figure 1b ; however, several individual stations show increases in thunder day occurrence, especially in the northeast.
The increase in thunder day occurrence in Brazil in Figures 1b, 3h , and 3b can be tied primarily to the increase in urbanization of the region, and not to global warming. Compelling evidence was shown by Pinto (2015) , stating that of the 14 cities that were studied, 12 had a large population increase since 1910. All of these 12 Brazilian cities that have since grown much larger also exhibited significant increases in thunder day occurrence. The other two cities (Rio de Janeiro and Cuiaba) were already large cities in 1910 and showed no significant growth in development or thunder days around the ground station sites. This provides evidence that the urban heat island effect, along with increased aerosols could be leading to a significant increase in thunder days in the large cities of this country (Pinto, 2015; Pinto et al., 2013) .
The number of annual thunder days in the Siberian region has been detected to be decreasing by approximately 25% between 1966 and 1995 (Gorbatenko & Dulzon, 2001 ). This similar downward trend in thunder day occurrence is shown in Figure 1b in the far northeast of Siberia but is not clear throughout the entirety of
Journal of Geophysical Research: Atmospheres northern Russia. The downward trend in thunder days can be possibly attributed to shifting atmospheric circulation (Gorbatenko & Dulzon, 2001) . A simultaneous downturn in cyclonic activity was observed during the study period, indicating that the suppression of these systems are leading to less thunderstorm activity. No trends in thunder day occurrence were observed in Germany during the years of 1974 (Kunz et al., 2009 . This is consistent with Figure 1b , which shows no significant trends in thunder days.
In the Northern Caucasus region, an increasing trend in thunderstorm activity was observed between 1936 and 2006 (Adzhiev & Adzhieva, 2009 ). This increase in annual thunder days is more pronounced over the high elevation and foothill areas of the region in Figure 1b . In this region, thunderstorm occurrence can be highly spatially variable, with just tens of kilometers of separation and a factor of 1.2-2 in thunder day occurrence. Figure 1b also shows the Northern Caucasus increasing from approximately a 4% to 6% annual occurrence of thunder days. However, the region just south of the Black and Caspian Seas, including Iraq and Iran, showed much larger increases in thunder days. This is consistent with past studies discussing increasing trends in annual thunder days in Iran (Araghi et al., 2016; Ghavidel et al., 2017) . The region exhibits an increasing trend in thunder day occurrence between 1961 and 2010 in almost all months of the year, with April and May being the most significant (Araghi et al., 2016) . This spring enhancement of this semiarid/arid region is hypothesized as being due to warming during the spring months, which are already the most humid of the year (Araghi et al., 2016) . This could lead to more suitable conditions for thunderstorm activity.
Long-Term Seasonal Variability of Global Thunder Day Occurrence
In order to observe a more detailed nature of trends in thunderstorms around the globe, a seasonal observation of thunder day trends has been conducted for each ground station. Figure 4 shows the global distribution of thunder day occurrence trend for each season: December-February (DJF), March-May (MAM), June-August (JJA), and September-November (SON). Figure 4a shows the trend of each station in the DJF season. The most noticeable trends in thunder day occurrence in this season occurs in the Southern Hemisphere. Most notably, Figure 4a shows increases in the majority of the South American region thunder day occurrence (25%-30%) from 1975-1984 to 2013-2017 . Five-year periods were selected in order to minimize the interannual influence, and to obtain a more robust picture of the seasonal changes. The majority of stations in Southern Africa are also shown to have observed an increase in thunder days during the same time period. In contrast, Australia displays a decreasing trend in thunder days during their summer DJF season. Very little if any trends are noticed in the Northern Hemisphere during the DJF season. It should be noted that February is considered a severe weather month within the United States severe weather season and shows no significant trends in thunder days. Figure 4b shows the trend in thunder days for the MAM season. The most notable trends on the station level in this season occurred in the Amazon, which exhibits an increase of approximately 10%-20%, and China which displays a decrease of approximately 10%-20% on average, which is consistent with the decreasing trends found in previous literature. . Figure 4b also shows that the Maritime continent exhibits an increase in thunder day occurrence during MAM. No trends are found in the United States during the significant severe weather season of MAM. Figure 4c displays the occurrence trends during the study period for the JJA season. Figure 4c shows that China exhibits a relatively large decrease in occurrence in this season (25%-30%). Most of Eastern Europe and Russia exhibit slight increases in thunder days during their summer season. The Maritime Continent and India also display significant increases during this season. It is important to note that during JJA, South America shows very little thunder day trends, while Africa appears mixed. The central portion of Africa exhibits decreasing trends, while the western portion shows primarily increasing trends. The southern portion of the continent exhibits very little trend in thunder day activity in JJA. In order to determine the seasonal ground station trends for the convectively active regions of the globe, the same nine regions were used for the seasonal analysis. Figure 5 shows this results. Figure 5 shows that each region displays a unique pattern of thunder day trend activity. Several regions such as the Maritime 
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Continent and the Amazon also exhibit a relatively large occurrence in the local spring and fall months. Figure 5 strengthens the idea that global and regional trends in thunderstorm activity can be monitored seasonally, with certain regions of the globe showing increases or decreases in thunder day occurrence. This is important to be able to refine the temporal scales in which the trends occur, in order to determine how the changing climate influences regional thunderstorm activity in more detail. Figure 6 shows the comparison of the three 16-year (1998-2013) averaged TRMM-LIS variables: flash density (Figure 6a ), population of LPFs (Figure 6c ), and flash rate (Figure 6d ), to the mean annual thunder days per year calculated during the same 16-year period (Figure 6b ). The thunder day, flash density, and population of LPFs are largely in agreement in spatial distribution. Figure 6a , showing the flash density binned in 5°× 5°boxes, reveals relatively high flash density in Central Africa, South America, southern United States, eastern India, and the western Maritime Continent. This is consistent with past satellite-based 
Comparison of Ground Station Thunder Days to TRMM-LIS Flash Density
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Journal of Geophysical Research: Atmospheres observations of lightning density (Albrecht et al., 2016; Cecil et al., 2014; Christian et al., 2003; Rudlosky et al., 2019) . The thunder day frequency shown in Figure 6b displays positive qualitative spatial agreement with the flash density observed by TRMM. The regions of the world with the highest frequency of annual thunder days are shown to be Central Africa, Amazon, Argentina, southeast United States, eastern India, Southeast Asia, and the Maritime Continent. It appears that certain regions such as the Maritime Continent and the Amazon have a larger number of annual thunder days to flash density ratio than most of the world. This provides evidence that these regions see a relatively large number of thunderstorms that produce relatively few lightning strikes per event, which is consistent with the literature (Cecil et al., 2015) . This is supported by Figure 6a , which shows that the Amazon, Central Africa, and the Maritime Continent produce the largest number of flashes/km 2 /year over large regions. Overall, the 16-year averaged annual thunder days shows positive spatial correlation to the TRMM flash density.
Comparison of Thunder Day and TRMM-LIS Flash Trends
In order to take a more comprehensive approach to observing the global shifts and trends in lightning activity, this study applies the use of multiple independent data sources. It is important to understand the agreement/disagreement between the trends in thunder days observed by the ground stations, and the trends in flash density and population of LPFs observed by the TRMM satellite. Recognizing these agreements/disagreements can allow us to better verify the shifting in electrical nature of storms around the globe, as well as learn about some of the properties of the precipitation systems that are occurring. Although 16 years of the LIS data is not a long enough time span to deduce robust climatological trends, it is one of the longest and most trusted set of global satellite lightning flash data that is available to date. Figure 7 compares the two data sources, both averaged in 5°× 5°boxes. Figure 7a shows the flash density change in each 5°× 5°box. Figure 7b shows the interpolated ground station thunder day change during 1998-2013. Increasing trends in the mean number of days exhibiting auditory thunder occur in the Amazon, Central America, Western Africa, the Middle East, India, and the Maritime Continent. Fewer observed thunder days are shown in Australia, China, northcentral Africa, and Argentina. Figure 7c displays the trend in annual number of LPFs (#/km 2 /year) in each 5°× 5°box. Similar qualitative spatial patterns are observed in this variable as are seen in the thunder day trends (Figure 7b) , with increasing number of thunderstorms annually occurring in Western Africa, the Middle East, Southern India, and the Maritime Continent. Regions with a declining number of annual thunderstorms include; Australia, South Africa, China, and western North America. Figure 7d investigates the correlation between the trend in flash density and the trend in thunder day frequency in each 5°× 5°box. The results show that the correlation between the two variables vary regionally; however, most of the TRMM domain shows a positive correlation (r value). These regions of positive correlation include China, Australia, the Maritime Continent, the Middle East, South Africa, Argentina, and Central America. A few regions show an opposite trend in thunder day occurrence and flash density. These include Southeast Asia, northcentral Africa, and Western Africa. This result indicates that although there is a positive agreement over much of the tropics and subtropics, the thunder day and flash density variables are not always directly correlated. To further investigate the relationship between thunder days and TRMM-LIS parameters, the trend in thunder day occurrence (Figure 7b ) was compared to the trend in number of annual LPFs (Figure 7c ) in each 5°× 5°box. Figure 7e shows the correlation coefficient for each bin. The results show an even higher correlation between the trend in thunder days and the trend in number of LPFs, with the majority of the TRMM domain, showing a positive relationship between the two variables. Many regions such as South Africa, China, the Maritime Continent, Central America, Argentina, and the Middle East show r values of greater than 0.6. Having such a positively correlated interannual agreement between these two variables, which are measured using two completely different data sets, provides enhanced evidence that the trends observed are indeed trustworthy.
To understand why the trend in thunder days and the trend in flash density are so highly correlated in some regions, and not at all correlated in others, four highly correlated and four uncorrelated regions were chosen for further investigation. The regions are shown as the boxes in Figure 7 . It is important to note that these regions are not the same as selected in Figure 2 , which focuses on regions with more obvious trends. Figure 8 shows the 16-year time series of the thunder day occurrence (solid black), flash density (dashed), number of LPFs (dotted), and the flash rate/PF (blue) for the four correlated regions. All of these regions 10.1029/2018JD029920
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show positive correlation coefficients of at least 0.58, with the Maritime Continent, China, and Argentina all showing correlation coefficients of above 0.8 between the flash density and thunder day variables. For these four regions, the interannual variability of the thunder day occurrence, flash density, and number of lightning PFs all show positive linear agreement over the 16 years. Interestingly, the flash rate/PF (flashes/min/ PF) variable also exhibit a positive relationship to the other three variables in all four highly correlated regions. In these regions, the number of thunderstorms and the number of flashes/thunderstorm are at least slightly positively correlated.
In contrast, Figure 9 shows the four uncorrelated regions between the thunder days and flash density. In these regions the flash density is more correlated to the flash rate/LPF, with all correlation coefficients of at least 0.66, than the total number of LPFs. This indicates that in these regions, the flash density is strongly driven by the amount of flashes in each thunderstorm. In all four uncorrelated regions in Figure 9 , the number of LPFs and the flash rate/LPF are negatively or poorly correlated. For example, in these regions, if the number of annual thunderstorms is increasing, the flash rate/thunderstorm is either decreasing or showing no correlation to the number of thunderstorms, and vice versa. Table 2 displays the correlation coefficients of the regional lightning variables for all eight of the selected regions. In all cases, if the flash rate is uncorrelated to the number of LPFs, the thunder day to flash density correlation is also poor. However, if the correlation between the flash rate/LPF and number of LPFs is at least slightly positive, the correlation between the thunder day occurrence and the flash density is significant (r value >0.58). This indicates that regions that show a positive correlation between the flash rate and number of LPFs also show a similar trend in flash density and thunder day occurrence. This is important because of the relatively longer time series of thunder day data, extending much further than the satellite era (some stations date back to 1930). Understanding how we can utilize the combination of thunder day and satellite flashcount data to better reveal the global and regional trends in lightning flash density in the past four decades and beyond is valuable to better distinguish the past tendencies in thunderstorm activity. Although we do not have satellite measured lightning flash density prior to the late 1900s, the similarities in interannual variability between thunder day occurrence and flash density in some specific regions allows us to possibly estimate the past lightning activity over a longer period of time. Figure 10 shows the 43-year time series of thunder days occurrence (solid), flash density (dashed), and number of lightning PFs (dotted) for three selected regions (Southern Maritime Continent, Middle East, and China). The interannual agreement between the three variables during the TRMM era adds confidence in the longer thunder day data set in these regions, to observe the trends in lightning activity over the past four decades. In the Southern Maritime Continent (Figure 10a ), and the Middle East (Figure 10b ), slight but significant (p value <0.1) increases in lightning activity can be inferred. In China (Figure 10c ), a significant decrease in lightning activity was observed since 1975 (p value <0.01), which is corroborated with the literature . With this ability to use the combination of the ground station thunder day data, and the new age lightning observations from space to infer regional lightning activity trends over a much longer timespan, gives us a unique opportunity to possibly study the impact of climate change on the electrical nature of storms around the globe. 4. Discussion
Annual and Seasonal Trends in Thunder Day Occurrence Around the Globe
The global map of the 8,360 ground-based stations shown in Figure 1a provides evidence as to how the electrical nature of thunderstorms has changed over the past four decades. Figure 1b indicates that regional forcing is influential in determining the pattern of thunder day activity, as no true global consensus is observed. However, it is should be noted that six of the nine selected convectively active regions show significant increases in thunder day occurrence, providing evidence that thunderstorm activity is possibly increasing in the tropics with a warming climate. This differs from analysis from Finney et al. (2018) , stating that a decrease in global lightning may be observed over the course of the next century, using a new ice flux parameterization. These regional shifts, shown in Figure 3 , are largely corroborated by the past literature . This result is verified by the GSOD ground station decrease in thunder day occurrence. The past four decades of ground station results also verify the past literature observed in Europe. A European divide is displayed in thunder day trends, with the western portion of Europe, including the Baltic observing primarily decreasing trends in thunder days. The Eastern portion of Europe, incorporating Eurasia, exhibits predominately increasing trends in thunder day activity. This is possibly caused by the increasing Convective Available Potential Energy and moisture in the east, which enhances thunderstorm activity, and the increase in number of northerly circulation type weather events in the west, which suppresses thunderstorm activity (Enno et al., 2014; Ye et al., 2017) . In the Amazon, the long-term behavior of GSOD ground stations support previous studies of upward trending lightning activity in the region Pinto et al. (2013) .
Understanding how these regions are shifting in thunder day occurrence seasonally is important to understand the temporal scales in which the global aggregate of lightning activity is also changing. For example, with the intense increase in thunder day occurrence in South America, it is reasonable to expect a relatively larger proportion of lightning activity occurring during the convectively active periods (i.e., DJF and SON) than that occurred 43 years ago. Likewise, evidence suggests that the period of convective activity over the continent of Australia (DJF) could see less contribution to global lightning and electrified cloud activity than it did previously. Monitoring these shifts to the seasonal and interannual variability of total global lightning and electrified cloud parameters such as area of 30 dBZ in the mixed phase temperature region, which has been shown with a high correlation with global electric circuit (Lavigne et al., 2017) , could be a useful technique in monitoring the trends in regional lightning activity in a changing climate. Figure 7a shows the 16-year average trend in lightning flash density for each 5°× 5°box. Many tropical and subtropical regions observe at least slight increases in lightning flash density over from 1998 to 2013, including Southern India, Southeast Asia, the Maritime Continent, the Middle East, and Central America. This is consistent with the theory that in a warming climate, increased lightning in the tropics and subtropics should be observed (Price & Rind, 1994; Reeve & Toumi, 1999; Williams, 1992 Williams, , 1994 Williams, , 1999 . However, some regions such as Australia, China, and South Africa appear to have decreasing trends in flash density in the past 16 years. This indicates that other localized effects may play a role in some regions of the world. It is important to note the role of MCS on the observed trends in interannual variability of thunderstorm activity in certain regions. Goodman and MacGorman (1986) described that in the United States, a single intense MCS event can contribute 25% of the total annual lightning flashes. It is possible that only a few of these intense MCS events could bias the interannual variability and lead to significant climatological trends. The thunder day record of intense MCS events does not reflect the many thousands of flashes in the given day. However, these large systems are typically reported by numerous ground stations, possibly accounting for some of the bias. ENSO events have also been shown to influence regional lightning patterns (Goodman et al., 2000) . For example, the warm ENSO phase has been associated with an increase in lightning activity over the western Maritime Continent (Chronis et al., 2008; Hamid et al., 2001 ). This also indicates that ENSO related phases can influence the interannual climatology of lightning and must be accounted for when discussing trends in regional lightning frequency. More work is needed in the future to determine the largescale versus localized influences to lightning activity trends around the globe. As more flash count data becomes available in the future, a clearer picture of regional lightning trends via satellite can possibly be drawn Goodman et al., 2013) . Figure 6 shows that the spatial distribution of annual thunder days and annual flash density is largely consistent with each other over a 16-year period. Several regions such as the Amazon and Maritime Continent exhibit disproportional ratios of thunder days to flash density relative to other regional observations. These unique regions exhibit a large number of LPFs, with a relatively lower number of flashes per LPF. The flash density is dominated by the large number of LPFs, rather than the intensity of the thunderstorms. However, the majority of the rest of the tropics and subtropics are in agreement on the spatial distribution of annual thunder days and annual flash density. This allows for the next logical step to discern whether or not the relatively longer-term trends in these variables is also consistent with each other. It is important to note that 16 years of observations is not ideal for understanding long-term trends in lightning activity. It is, however, reasonable and advantageous to look at the agreement/disagreement between the thunder day trends and flash density trends during the same period of time to understand if any new information can be drawn. Figure 7d shows that many regions in the tropics and subtropics are in agreement (positive linear relationship), such as Australia, the Maritime Continent, Argentina, China, Central America, the Middle East, and South Africa. This provides some evidence that the satellite trends are verified by ground-based observations of thunder days, and vice versa. Figure 7e provides more evidence for this, showing that the correlation between thunder day occurrence and number of TRMM LPFs is even more highly correlated than the flash density. Almost all regions of the tropics and subtropics are in positive linear agreement between the trends in thunder days and trends in number of LPFs. This indicates that the interannual variability of thunder days is more correlated to the number of thunderstorms than the number of total flashes.
Trends Observed by the TRMM-LIS Instrument
Comparison of Ground Station Trends to TRMM-LIS Trends
There are some regional cases, however, in which the satellite trends are not verified by the ground station measurements. Most notable of these areas are western Africa, northcentral Africa, Southeast Asia, and northern India. This disagreement led to an interesting finding in that in all of the poorly correlated regions (Figure 9 ), opposite or no correlation of the trends in number of thunderstorms and flashes/thunderstorm is observed. For example, Northern India observes an increase in annual thunder days during the TRMM domain, but a subsequent decrease in lightning flash density. This disagreement can be explained by the fact that the region observes an increasing trend in number of annual thunderstorms, but a decreasing trend in flashes/thunderstorm, which indicates that the thunderstorms are becoming weaker. This led to the observation of more numerous thunder days, but fewer total lightning strikes.
This finding is important because it illustrates the idea that trends in thunder days and trends in flash density are not always correlated. An increase in occurrence of thunder days over some regions cannot lead to the direct assumption that the total number of lightning flashes will also increase. More work is needed in the future to verify these claims, but it is important to point out the regions of agreement/disagreement in thunder day/flash density trends over the past 16 years.
Summary
This study aimed to utilize over 8,000 ground-based stations over the course of 43 years, in order to determine global trends in thunder day occurrence for the purpose of understanding how the global aggregate lightning activity has been shifting since the Industrial Revolution. These thunder day trends were also compared to the simultaneous trends in flash density, and number of thunderstorms observed by the TRMM satellite, in order to verify or counter the regional trends observed by the ground stations. The major findings include the following:
1. Clear regional trends are observed by the ground station during the past four decades in yearly thunder day occurrence. Regions such as the Amazon, Maritime Continent, India, the Himalayas, Central America, Argentina, and the Congo all observe increases in thunder day occurrence. In contrast, regions such as China, Australia, the Sahel, and parts of Western Europe all display decreases in thunder day occurrence. It is important to emphasize the significance that the majority of the selected regions exhibited significant increases in thunder day activity in the past four decades. 2. Seasonal trends are also observed globally in thunder day activity, with each season resulting in unique tendencies in regional thunder day occurrence. Primarily, the largest occurrence and steepest trends in annual thunder days occur in the local summer season. The Maritime Continent and Amazon region exhibit a unique three-season active thunder day period, with only the local winter season exhibiting a 10.1029/2018JD029920
Journal of Geophysical Research: Atmospheres low occurrence. Of the nine sampled regions, only the SCUS does not show any statistically significant trends in thunder days in any season. All the other eight regions display significant (p value <0.05) for at least certain seasons, resulting in a changing seasonal as well as annual local climatology in thunderstorm activity. 3. Regional spatial agreement is present between the trends observed in the ground station thunder days and the satellite flash density, as well as annual number of LPFs. This provides evidence that the two independent data collection methods are corroborating each other. Regions such as the Maritime Continent, China, South Africa, and Argentina show strong positive correlation (r value >0.58) between the trends in the thunder day and flash density variables. These regions show an even larger correlation (>0.68) between the trends in thunder days and number of annual LPFs. All of these regions have at least a slight positive correlation between the trend in number of annual thunderstorms and the trend in the flash rate/thunderstorm. Other regions, for which there is disagreement on the relationship between trends in thunder days and the flash density, all have negative or no correlation between the number of thunderstorms and the number of flashes/LPF.
The regional agreement between the ground stations and the satellite trends of several global regions that favor lightning activity provides supporting evidence that satellites can be helpful in the future in monitoring global lightning shifts. As more data become available from the International Space StationLightning Imaging Sensor, as well as geostationary satellites, such as the Geostationary Operational Environmental Satellite-R Series Global Lightning Mapper, we can continue to improve on determining the impact of climate change on lightning activity. The regions of disagreement, such as northern India, allow for interesting case studies into the region, showing that possible shifts in system type are occurring. For the case of northern India, the disagreement in flash density and thunder day occurrence indicates significant evidence that the area is receiving more thunderstorms that are relatively weaker and produce less lightning.
Ultimately, an insufficiently long satellite data set is available to make any definite claims as to the trends in lightning flash density as it pertains to the changing climate. However, the combination of the satellite data, alongside longer-term ground station data, provides evidence that many regions are observing shifts in lightning activity at the interannual, annual, and seasonal timescales. Monitoring this global aggregated joint seasonal-diurnal shift in lightning and other electrified parameters can possibly be useful in the future in monitoring the changing climate. It is becoming clear that the relatively longer temporal span of lightning data from space is allowing for satellite technology to become more useful to determine the long-term variability of atmospheric electricity. By utilizing the past satellite record, alongside the newer satellite instruments such as International Space Station-Lightning Imaging Sensor and GLM, we can understand with more confidence the variability of lightning and thunderstorms at various temporal time scales.
